In this study diamond-like carbon (DLC) films have been grown onto the Si(111) and steel substrates by direct hydrocarbon (hexane, acetylene) ion beam deposition. Raman spectra of the room temperature deposited carbon films were typical of the hard tetrahedral amorphous carbon films. At 500 and 750 K temperatures, polymer-like carbon films have been synthesized. Hydrocarbon gas dilution by nitrogen resulted in growth of the more graphitic films. Increase of the deposition temperature resulted in increased internal stress in carbon films deposited from hexane-hydrogen gas mixture. Thin film stress decreased as a result of the hexane-hydrogen mixture dilution by nitrogen. Stress decreased with increase of the nitrogen concentration. It has been revealed that DLC films can be deposited by direct ion beam onto the AISI 316 steel at room temperature. Ion beam nitridation was the best method for increase of adhesion between the DLC and steel substrate.
Introduction
Diamond like carbon films are isotropic amorphous films with hardness, elastic modulus, and chemical inertness similar to that of the diamond due to the large content of sp 3 bonds. In many cases these coatings have advantages over polycrystalline diamond films. Structure and properties of the diamond-like carbon films can vary in a wide range [1] . In the case of the hydrogenated amorphous carbon films there are not only the sp 2 and sp 3 interatomic bonds, but hydrogencarbon bonds as well. In some cases hydrogen content in a film can reach up to 50 at.%. These films consist of an amorphous matrix with carbon clusters and crystallites in it. Mechanical properties of α-C:H films are defined by sp 3 bonds, while optical and electrical properties depend upon sp 2 bonds. Hydrogen can affect mechanical properties and resistance to reactive plasma treatment of the film due to the decreased content of sp 3 bonds [2] [3] [4] [5] . If the content of the sp 3 bonding in films reaches a high degree (about 80%), these films are called tetrahedral amorphous carbon (ta-C) films [1] . Low-density, soft films with large hydrogen fraction in it are called polymer-like carbon films [6] .
Diamond and diamond-like carbon coatings have been widely investigated for diverse applications [1] .
These coatings can be used as ultrahard, wear resistant, low friction, chemically inert protective coatings, which can be used even in space applications. It is a very promising material for fabrication of the antireflective films and biomedical coatings, cold cathode electron emitters, microelectronic devices, and detectors of ionizing radiation.
A wide array of techniques has been developed for the deposition of those novel carbon materials. High-temperature chemical vapour deposition (CVD) and plasma-enhanced chemical vapour deposition (PECVD) are applied for deposition of the microand nanocrystalline diamond films. Hydrogen-free diamond-like carbon films can be grown by cathodic arc, pulsed laser deposition, ion sputtering. While using plasma enhanced CVD and direct hydrocarbon ion beam deposition, only hydrogenated amorphous carbon films can be grown.
Particularly, direct ion beam deposition using different hydrocarbon ion beams is a versatile tool of formation of many materials in a thin film form [7] [8] [9] [10] [11] [12] [13] [14] [15] . Process parameters such as ion beam energy, plasma power, substrate temperature, angle of ion beam incidence, system pressure, gas composition, and flow rate, can be autonomously and precisely controlled over a wide range of process conditions. Films can be de-posited both onto the electrically conductive and insulating materials. In such a way ultrahard, wear resistant, low-friction diamond-like coatings can be grown at room temperature [7] [8] [9] [10] [11] . Therefore, ion beam deposition of diamond-like carbon (DLC) films is already used for protection of the magnetic media, metal, ceramic, and, especially, glass and plastic. On the other hand, these films typically possess high average stress after growth. Therefore, the problem of intrinsic stress has received much attention [16] [17] [18] [19] [20] [21] [22] [23] .
It should be noted that growth kinetics and properties of the carbon films are under great influence of the substrates. The substrates can be divided into three groups by the character of interaction between the substrate and the growing film [24] :
• carbide forming materials: Si, Ti, Cr, W, SiC, etc.;
• strong carbon dissolving materials: Fe, Co, Ni, etc.;
• small or non-carbon affinity materials: Cu, Au.
Particularly, deposition of different carbon films and related materials onto the strong carbon dissolving materials received considerable interest. On the one hand, Fe, Co, Ni, and related alloys are used for catalytically assisted deposition of the carbon nanotubes. It is known that Fe, Co, Ni catalyse the graphite nucleation process and controllable deposition of the carbon nanotubes, and its arrays onto the different substrates can be achieved. On the other hand, use of diamond-like carbon coatings for tribological protection of tools or biomedical implants surface received great attention. In this case hard and wear-protective coatings very often must be deposited onto different steels and other ferrous materials. In this case Fe as a graphite formation catalyst complicates all the process due to the formation of the soft carbon film and adhesion problems [24] [25] [26] [27] [28] . In addition, high carbon dissolving in Fe and ferrous alloys at high temperatures results in substantially increased diffusion of carbon and carbides from the substrate surface into the bulk of the substrate. Therefore, incubation time of the DLC layer formation is increased. When diamond and diamond-like carbon films are deposited by high-temperature CVD techniques, generation of the thermal stress takes place due to the large mismatch between the thermal expansion coefficients of the coating and the substrate. Therefore, lowtemperature synthesis methods such as deposition by direct hydrocarbon ion beam is under substantial interest.
In this work we summarize regularities of the growth and mechanical properties of carbon films deposited by direct ion beam technique in a wide range of substrate temperatures (293-750 K) emphasizing the role of type of the used substrate and nature of residual stress.
Experimental
AISI 316 polished steel has been used as a substrate for deposition of the diamond like carbon films for mechanical applications. Commercially available crystalline n-Si 111 wafers were used as substrates in most experiments where residual stress in the films was measured.
Carbon films growth was performed using an ion beam etching unit URM3.279.053 equipped with an autonomous electrostatic ion source and substrate resistive heater (deposition temperature can be reached up to 750 K).
Amorphous silicon (a-Si), Ti, Cr interlayers on steel substrates were evaporated by electron beam at 10 −3 Pa base pressure at a substrate temperature of 100 • C. Thickness of the evaporated layer was controlled by using a quartz resonator.
For the studies of the nitrogen doping effects, through the other channel the N 2 gas flowed only. The C 6 H 14 + H 2 vapour or acetylene gas (C 2 H 2 ) was mixed with the N 2 gas before reaching the ion source. The hydrocarbon gas and N 2 vapour flux was regulated by a needle valve. Concentration of N 2 in the C 6 H 14 + H 2 + N 2 gas mixture was changed from 5 to 40%. Thickness of the carbon films varied in the range of 200-1000 nm.
Conditions of the deposition process are shortly presented in Table 1 .
As one of the low-cost methods for determining residual film stress, an optically levered laser technique was used to measure a radius of substrate curvature induced by a deposited film. Stoney's equation for a film, whose thickness is small compared to the substrate thickness, relates average stress in the film and variation of the curvature of the film-substrate system [29] :
where E s is the Young's modulus of the substrate, h s is the thickness of the substrate, ν is the Poisson's ratio of the substrate, h f is the film thickness, R 2 and R 1 are the radii of the substrate after and before thin film deposition, respectively. In the present study the prism interferometer including a He-Ne laser (wavelength 632.8 nm, output power 10 mW) was used to measure the curvature of the substrate [29] . The sensitivity of the cantilever technique in the strain measurements can reach 10 −6 and this fact allows applying this method for control of the nucleation and coalescence of thin films that can be provided both in situ or ex situ. Using the silicon substrate (with thickness 250 µm) allowed providing measurements of the residual stress with accuracy not lower than 10%.
Applying extra thermal heating of the formed structure within a small temperature region (tens of degrees), one can differentiate between the intrinsic stress (that is constant within a narrow region of temperatures) and change of thermal stress that is a linear function of the applied temperature [30] :
where dσ th is the change of thermal stress (due to extra heating), α s and α f are the thermal expansion coefficients of the substrate and thin film, and dT is the incremental temperature. Knowing the rate of change dσ/dT (due to extra heating), one can define the thermal stress component of the residual stress in thin films (assuming that linear dependence is valid for the investigated region of temperatures):
where T 1 is the deposition temperature and T 2 is the room temperature. These measurements were performed using a Michelson interferometer [29] supplied with the noncontact heater and a temperature control system mounted to the thermostabilized vacuum chamber.
Thin film structure was evaluated using the Raman spectroscopy. He-Ne laser (wavelength 632.8 nm, output power 15 mW) was used. Light was analysed with an f /5.3 double monochromator with 1200 lines/mm gratings and detected by a photomultiplier (cooled to 283 K) and a photon counting system. Adhesion between the steel substrate and deposited diamond-like carbon film was evaluated using scratch testing.
Experimental results and discussion

Structure of the ion beam deposited carbon films
Raman spectra of the samples deposited from the hexane-hydrogen mixture are presented in Fig. 1 . In the case of the films deposited at room and 400 K temperature, Raman spectra are typical of diamond-like carbon films [1] . A wide and very intensive I D peak at ∼1300 cm −1 can be seen in the case of the thin films deposited directly onto the SiO 2 layer at 473 K and 750 K temperature. It must be mentioned that similar approach of the Raman spectra has been reported for polymer-like carbon films deposited by plasma enhanced CVD without the negative substrate bias, while negative substrate bias resulted in formation of the diamond like films [6] . A weak I G peak at 1577 cm −1 can be seen in the case of the film deposited at 750 K temperature as well.
Doping effect dependence of α-CN x :H films structure on the N 2 concentration can be seen in Fig. 2 . Fig. 1 . Raman spectra of α-C:H films deposited from hexanehydrogen gas mixture on the silicon substrate at different temperatures. Fig. 2 . Raman spectra of α-CNx:H films deposited at different N2 concentrations (C6H14 + H2 gas mixture has been used as a source of hydrocarbons, deposition temperature 293 K).
The wide peak at the 1520 cm −1 dominated in all investigated cases. This peak shows the presence of the graphite phase in the film (sp 2 bond). The wide peak at 1350 cm −1 wavelength indicates level of the disorder of the hybridized orbitals binding angles in sp 3 carbon bonds matrix. It can be seen that disorder in sp 3 atom bond matrix increases (the sp 3 /sp 2 ratio decreases) when N 2 concentration increases. As a result, films become more graphite-like. These results are similar to those of α-CN x :H films deposited by reactive sputtering [31] . However, for α-CN x :H films deposited by CVD, there were no changes in Raman spectra as the amount of nitrogen is increased up to 20% [32] .
One can see that the structure of the carbon films deposited directly onto Si(111) changed from diamondlike carbon to polymer-like carbon already at 473 K temperature. At higher deposition temperatures the structure of the polymer-like carbon films evolved towards more graphitic films.
Mechanical properties of the ion beam deposited carbon films
Application of thin films is strongly influenced by the mechanical properties and one critical issue especially important in mechanical applications is the level of the residual stress in the films. In this section we present analysis of the residual stress in the direct ion beam current deposited carbon films. It was revealed that tensile stress prevails in all the films for the investigated range of temperatures. Dependence of the residual stress in α-C:H thin films on deposition temperature is presented in Fig. 3 . The linear stress increase with the deposition temperature can be seen. The stress increases from 0.118 GPa to nearly 0.4 GPa, when the deposition temperature increases from room to 750 K. While applying extra heating (after the deposition) to the samples from room temperature up to 333 K, the decrease of the stress by 60-70 MPa was observed for all the investigated samples. The typical dependence of the stress changes with the temperature due to extra heating for the film deposited at 400 K (film thickness 400 nm) is presented in Fig. 4 . Extrapolating the dependence of Fig. 4 by a line, the rate of change of the stress was determined as dσ/dT = −2.9 MPa/deg. Evaluation of the tensile thermal stress in accordance with Eq. (3) gives σ th = 0.32 GPa for the films de- Fig. 5 . The dependence of the residual stress of α-CNx:H films deposited at room temperature from C6H14 + H2 gas mixture on the N2 gas content in the flux.
posited at 400 K, i. e. this value exceeds the total residual stress (0.14 GPa) as presented in Fig. 3 . Even more controversial results were obtained for the polymer-like carbon film deposited at 750 K temperature. In this case dσ/dT = −11.9 MPa/deg and tensile thermal stress as high as 5.355 GPa was obtained in accordance to Eq. (3).
Despite that stress tendency due to extra heating corresponds to the experimentally known values of thermal expansion coefficients, absolute values of the stress (and thermal stress calculated according to Eq. (3)) illustrate that stress relaxation processes during deposition take place. The stress reduction due to relaxation processes according to our results is higher for the films deposited at high temperatures where polymer-like carbon films are produced. One can understand that during the cooling of the substrate-film system from deposition to room temperature, thermal stress exceeds the limits of the elastic deformation of the thin film and stress relaxation due to the plastic deformation takes place. These considerations are in good agreement with the Raman scattering spectra (Fig. 1) .
Introduction of nitrogen to the growing film during deposition (doping by nitrogen) resulted in the decrease of the internal stress of α-C:H films (Fig. 5) .
On the other hand, doping by nitrogen leads to decrease of wear resistance of the films. From Fig. 6 it can be seen that 10% nitrogen doping resulted only in slight decrease of the wear resistance. One can see as well that substantial worsening of the wear resistance takes place only at 10% of nitrogen in the total gas flow. It means that nitrogen can be used for reduction of the internal stress of carbon films applied as tribological coatings. Dilution of both hexane-hydrogen gas mixture and acetylene gas by nitrogen resulted in decreased growth rate (Fig. 7) . Similar effects of N 2 concentration on carbon nitride film growth rate have been observed for coatings deposited both by rf and electron cyclotron resonance plasma enhanced CVD [33, 34] . This experimental dependence can be explained as a result of decrease of the concentration of reagents in the ion source -dilution of C 6 H 14 + H 2 gas mixture by N 2 gas. However, other authors explained this phenomenon as well by increased sputtering of the growing films by N + 2 ions [34] . On the other hand, it must be mentioned that for films deposited by CVD or DC sputtering, the increase of the growth rate with N 2 concentration has been observed [32, 35] . This fact supports suggestion about the influence of the increased sputtering of the films by N + 2 ions on the growth rate of carbon nitride films.
Analysing the variety of experimental results of other researchers, many controversial facts can be found. For example, compressive stress has been observed in [16] [17] [18] 36] . Such discrepancy can be explained by the use of lower ion energies during deposition. Stress level decrease about 5 times with the energy increase from 100 eV to 800 eV was reported in [16] . Similar approach was observed for the bias assisted plasma CVD deposited DLC films [19] . In comparison with the present study, diamond-like films deposited at lower energies were much more stressed [17, 18, 36] , while the absolute value of the stress of polymer-like carbon film was close to our study (0.1 GPa [6] and 0.7 GPa [36] versus 0.4 GPa, respectively). Main sources of tensile stress and its relaxation [22, 23, 36] are in good agreement with our results, where relaxation of the tensile stress was found to be essential for the polymer-like carbon films formed at high temperatures and films produced with the nitrogen doping. In addition, absolute values of the tensile stress were similar to the ones obtained in our study (0.2-0.4 GPa). Tensile stress similarly to our results was reported for the bias assisted DC plasma DLC coatings [37] as well. Therefore, decrease of the tensile internal stress with the increased nitrogen doping can be explained by increased amount of a non-diamond phase [7] , that is beneficial to the relaxation of intrinsic tensile stress [23] and by appearance of the compressive stress due to non-diamond carbon impurities at the grain boundaries [22] .
Deposition of DLC on steel substrates
Deposition conditions were similar to the ones in the case of silicon substrates (Table 1) . It should be noted that in these experiments steel surface roughness plays a key role in defining mechanical properties and stability of the coatings. Deposition of the DLC on rough surface brings to the poor adhesion that can not be improved either by extra ion irradiation (Ar + , N + ) of substrate either formation by interlayer. All these coatings have peeled, and the only efficient way to produce well adherent DLC was the mechanical polishing of the steel substrate.
Steel surface mechanical abrasion and polishing substantially improved adhesion of the coating. Four methods of the adhesion improvement were testeddeposition of a-Si or Ti interlayer, steel surface treatment by Ar + ion beam, and steel surface treatment by nitrogen ion beam. It can be seen in Fig. 8 that the best adhesion was between the nitrogen ion treated steel surface and a diamond-like coating. The 400 nm thickness silicon interlayer was the least effective measure, while deposition of 100 nm thickness Ti interlayer before diamond-like carbon film synthesis substantially worsened the adhesion. Peeling of the carbon coating took place. Increase of the Ti interlayer thickness up to 1000 nm Ti resulted in even larger disimprovement.
To reveal influence of internal stress in thin DLC films and used interlayers additional experiments were performed. In this case interlayers and diamond-like carbon films were deposited onto the Si 111 substrates. Analysis of the stress in Ti, Cr, Si interlayers revealed that the highest stress level is in thin (10 nm thickness) interlayers (Fig. 9) . Increase of the interlayer thickness resulted in decrease of the stress. One can see that use of the layers with thickness 200 nm and higher allowed the stress level to be minimized. 200 nm thick DLC coatings were deposited on the Ti and Cr interlayers (Fig. 10) . 800 nm thick DLC coatings were deposited onto the a-Si interlayer due to the relative effectiveness of this interlayer.
It is hard to directly compare data on deposition of DLC films onto the a-Si interlayer with data on deposition of DLC films onto the Cr interlayer due to the different thickness of the deposited DLC films in these cases. However, internal stress in 800 nm thick DLC film deposited onto the 1000 nm thick a-Si interlayer is lower than internal stress in 200 nm thick DLC films deposited on 100 and 300 nm thick Cr interlayers.
From the first look, better adhesion between DLC and Cr in comparison with adhesion between the DLC and Ti contradicts the results referred by other authors [24, 28, 38] . However, it must be mentioned that in all cited studies DLC has been deposited by PECVD at high (700-800 • C) temperature, while in our study synthesis was performed at room temperature. Therefore, despite higher TiC bonding energy in comparison with Cr-C bond [38] , perhaps there is no enough energy at room temperature for TiC formation. It can be mentioned that in all studies where deposition of the DLC films on a Ti interlayer or Ti substrate was performed, the synthesis temperature was 500-550 • C or more [39] [40] [41] . At room temperature DLC films were deposited on the TiC [42] interlayer or nitrogen doping was used [43] . In the case of the DLC film deposition on the Cr interlayer, low-temperature synthesis of the diamond like carbon films was performed only applying W doping [44] .
It can be mentioned as well that in [45, 46] more adherent DLC films were deposited using a thinner Si interlayer contrary to the results of the present study. Table 2 summarizes the main results of other researchers on the analysis of Si interlayer influence on the properties of DLC. However, one can see that in the cited works diamond-like carbon films were syn-thesized at high temperature, while in the case of the low-temperature deposition in different studies Si interlayers of different thickness were used [47] [48] [49] .
Conclusions
In conclusion, Raman spectra of the carbon films deposited from direct ion beam onto the Si(111) substrate at room and 400 K temperature are typical of diamondlike carbon films. Increase of the deposition temperature results in formation of the polymer-like carbon films.
Internal stress of the films increases with the deposition temperature from 0.114 to 0.52 GPa illustrating importance of the thermal stress component. Absolute values of the stress show that stress relaxation processes take place. The stress reduction is higher for the films deposited at high temperatures where polymerlike carbon films are produced. During the cooling of the substrate-film system from the deposition to room temperature, thermal stress exceeds the limits of the elastic deformation of the thin film and stress relaxation due to the plastic deformation takes place. Nitrogen doping resulted in the decreased stress level. Formation of the more graphitic coating or polymer-like carbon phase contributes to the thermal stress relaxation.
Diamond-like carbon films can be deposited onto the steel substrate at room temperature using direct ion beam deposition. Ion beam nitridation is the most efficient method to increase adhesion between the DLC and steel substrate.
